ABSTRACT This paper first investigates an M -by-2 massive multiple-input multiple-output (MIMO) system that transmits a single stream is investigated. For this system, we propose a space-time line code (STLC), which is a transmitting and combining (at a receiver) scheme that achieves full spatial diversity. For the STLC, two consecutive (time) information symbols are weighted as per channel gains (space), combined at each transmit antenna, and transmitted through the M transmit antennas for two consecutive symbol times. With two receive antennas, the STLC receiver simply combines the signals received in the two symbol times and achieves a diversity order of 2M (full diversity). We show that the proposed STLC asymptotically achieves the maximum (optimal) received signal-to-noise ratio as M increases with significantly reduced computational complexity compared with the optimal scheme. Because the proposed STLC receiver requires no or partial channel state information, it avoids the issue of massive MIMO channel estimation. Furthermore, the rigorous performance evaluation under spatially correlated and uncertain channel conditions reveals that the proposed STLC achieves comparable or better performance than the existing schemes, and the results verify that the proposed STLC scheme is a potential candidate for M -by-2 massive MIMO systems. Next, the transmit antenna allocation algorithms are devised for a multiuser STLC system. Each user achieves full diversity order from the corresponding MIMO channels after the antenna allocation. The signal-tointerference-plus-noise ratio (SINR) of each user is analyzed considering the multiuser interference and channel uncertainty, and its lower bound is derived. Using the SINR lower bound, greedy algorithms that allocate the transmit antennas are devised. Rigorous simulation demonstrates that multiuser STLC with the proposed antenna allocation is robust against channel uncertainty and can improve the average SINR, improving the quality of experience. Furthermore, it is observed that the proposed STLC with antenna allocation method achieves the best performance if M is sufficiently large. The results in this paper show that the STLC can be a potential candidate for an M -by-2 (multiuser) massive MIMO systems.
I. INTRODUCTION
Recently, a new scheme to achieve full spatial diversity, called the space-time line code (STLC), was proposed for a multiple-input multiple-output (MIMO) system with M transmit and two/three/four receive antennas [1] . In an STLC transmitter, two consecutive (time) information symbols are weighted by channel gains (space) and combined before transmission. The two STLC symbols are then transmitted through M transmit antennas and simply combined at the receiver, thus achieving full spatial diversity. The interest in STLC stems primarily from the fact that it allows for simple combining without the knowledge of channel state information (CSI) at the receiver; thus, it relieves the receiver from the complexity burden required for estimating the CSI and decoding the STLC transmissions that achieve full diversity. Particularly, in time-division duplex (TDD) systems, a low-complexity system design is possible when the STLC scheme is operated with a space-time block code (STBC) scheme in transmitter [2] - [5] and receiver pair, by reducing the frequency of channel estimations and allowing the easier channel estimation to be used at the receiver [1] . Also, the STLC can be used for improving secrecy capacity as shown in [6] .
From the study on full-spatial-diversity schemes including maximum ratio combining (MRC) [7] - [11] , maximum ratio transmission (MRT), STBC [2] - [5] , and STLC [1] , the and its lower bound is derived. Using the SINR lower bound, two greedy-based antenna allocation algorithms are devised. Rigorous simulation validates that the multiuser STLC with the proposed antenna allocation is robust against channel uncertainty and can improve the average SINR and QoE. Moreover, it is observed that the STLC with antenna allocation achieves the best performance if the number of transmit antenna is sufficiently large. In conclusion, the STLC scheme is attractive for a practical massive MIMO system.
The rest of the paper is organized as follows. In Section II, an STLC scheme for an M -by-2 massive MIMO system is formally expressed and its received SNR is derived. Section III describes MRTC and MEB and compares their received SNR to that of STLC. In Section IV, spatial correlation is considered. Section V provides analytical and numerical results under channel uncertainty. In Section VI, a multiuser STLC system is proposed with greedy-based antenna allocation algorithms. Section VII concludes this paper.
Notation: The superscripts T , H , and * denote transposition, Hermitian transposition, and complex conjugate, respectively, for any scalar, vector or matrix; E stands for expectation of a random variable x; for any scalar x, vector x, and matrix X, the notations |x|, x , and X F denote the absolute value of x, the two norm of x, and the Frobeniusnorm of X, respectively; X 1/2 is the principal square root of the square matrix X, i.e., X 1/2 X 1/2 = X; |X | represents the cardinality of set X ; X \ Y is the set of elements in set X but not in set Y; X ∪ Y is the set of elements in set X or set Y; ∅ denotes an empty set; and x ∼ CN (0, σ 2 ) means that a complex random variable x conforms to a normal distribution with a zero mean and variance σ 2 .
II. STLC FOR M-BY-2 MASSIVE MIMO SYSTEMS
The STLC scheme in [1] is precisely generalized to a system with M transmit and two receive antennas, as depicted in Fig. 1 . The notations of channel gains for M × 2 STLC are listed in Table 1 . Channel h n,m represents independent channel gain from transmit antenna m to receive antenna n, where m ∈ M = {1, . . . , M } and n ∈ {1, 2}. The sum of all channel gains is denoted by γ M and is expressed as
The M -by-2 STLC encoding and transmission methods at the Tx and a received STLC signal combining method at the Rx are first introduced. The received SNR analysis is then provided.
A. ENCODING AND TRANSMISSION SEQUENCE
Let x be an information symbol that conforms to the complex normal distribution with E[|x| 2 ] = σ 2 x , i.e., CN (0, σ 2 x ). Two STLC symbols denoted by s m,1 and s m,2 are transmitted via transmit antenna m during the first and second symbol periods, respectively. Using the CSI at the transmitter (refer to [1, Sec. V] for the scenario how to get the CSI at the VOLUME 6, 2018 FIGURE 1. Example of a new full-diversity achieving M × 2 STLC system that achieves full diversity, where a Type-15 structure with an STLC encoding matrix C d (1, 2) in [1, Table IV ] is used for the encoding and combining at the transmitter and receiver, respectively. 
The encoding in (2a) is represented by a vector-and-matrix form as Here, for simplicity and tractable analysis later, we assume that all users use a Type-15 structure with an STLC encoding matrix C d (1, 2) in [1, Table IV ]. Note that any type of STLC matrix and structure in [1, Table IV ] can be applied to (2a). The STLC symbols in (2a) are listed in Table 2 .
At transmission time 1, an STLC symbol s m,1 is transmitted through the mth transmit antenna for all m ∈ M, simultaneously. In the subsequent transmission time 2, an STLC symbol s m,2 is transmitted through the mth transmit antenna for all m ∈ M, simultaneously. To satisfy, without loss of generality (w.l.o.g), the transmit power constraint by σ 2 x , the transmitter weights (normalizes) s m,t with η. The normalization factor η can be readily derived as
x for all t. Denote the received signal at receive antenna n at time t by r n,t as shown in Table 3 . The receive symbols with two receive antennas can then be expressed as follows:
where z n,t is an additive white Gaussian noise (AWGN) with zero mean and σ 2 z variance in the received signal r n,t . As depicted in Fig. 1 and defined in (2a), the STLC encoding is performed separately on each transmit antenna. This parallel encoding enables high-speed processing at the Tx with massive antennas.
B. COMBINING SCHEME
The STLC combiner is shown in Fig. 1 . Directly combining {r 1,1 , r 1,2 , r 2,1 , r 2,2 } in (4a) as (r 1,1 − r * 2,2 ) and (−r * 2,1 − r 1,2 ), the STLC receiver obtains the weighted estimates of symbols as follows:
As seen in (5a), the STLC receiver does not need full CSI to combine the received signals, which we call blind combining [1] ; however, it needs an effective channel gain √ γ M for maximum likelihood (ML) detection in subsequent processing. The effective channel gain can be estimated by using the blind SNR estimation techniques (see [20] and references therein). Note that, for phase-shift-keying (PSK) symbol detection, even √ γ M is not required.
C. RECEIVED SNR OF STLC
Note that (
z ) in (5a) because the sum of the two independent AWGNs is also AWGN. Thus, the resulting SNR after the blind combining in (5a) is readily derived as follows:
From (6), we verify that the M × 2 STLC system achieves the diversity order of 2M (refer to [1] ), i.e., full diversity gain, and half the full array processing gain, i.e., 2M /2 = M . The factor of two in the denominator in (6) comes from the fact that the two AWGNs are directly combined at the receiver, as shown in (5a).
III. COMPARISON OF STLC WITH MRTC AND MEB
In order to introduce models of benchmakring systems, i.e., MRTC and MEB, the spatial channels defined in Table 1 are represented in the matrix form as follows:
where h 1 ∈ C 1×M and h 2 ∈ C 1×M represent the first and second row vectors of H.
A. RECEIVED SNR OF MRTC
Suppose, w.l.o.g., that h 1 ≥ h 2 . Then, the transmitter generates the weight vector of the larger-norm channel vector for MRT [21] , [22] as follows:
After the MRT, the received signal at the receiver becomes
where z = [z 1,1 z 2,1 ] T is an AWGN vector. Now, the receiver applies MRC with two received signals to achieve the maximum SNR as follows [7] :
From (10), the SNR of MRTC is generally derived as follows (the proof is tedious and omitted in this paper):
where h max = max n∈{1,2} h n .
B. RECEIVED SNR OF MEB
For comparison of single data stream transmitting systems, an MEB method is considered. For single date stream transmission, the MEB performs beamforming through one channel vector that corresponds to the maximum singular value of a channel matrix; thus, it is optimal in terms of the received SNR [16] .
The MIMO channel in (7) is decomposed by singular value decomposition (SVD) as follows:
where d k is the kth largest singular value of H; u k and v k are the left and right singular vectors, respectively, which correspond to d k (k ∈ {1, 2}); and 0 1,M −2 is a 1-by-(M − 2) zero vector. The optimal eigen beamforming vector is then v 1 and the corresponding receive combining vector is u H 1 , such that the effective channel gain is maximized by d 1 as follows:
where r = [r 1,1 r 2,1 ] T is the received signal vector at antennas 1 and 2 (see Table 3 ). Here, note that there is no transmit power normalization factor because v 1 is a unit-norm vector, i.e., E(
, z conforms to the same distribution as z, i.e., z ∼ CN (0, σ 2 z ). Therefore, from (13) , the received SNR of MEB is derived as C. SNR GAP ANALYSIS BETWEEN AN STLC SCHEME AND AN OPTIMUM SCHEME MEB
From (6) and (14), the gap between STLC's SNR and optimal scheme MEB's SNR, denoted by , is derived as
where (a) follows that
For asymptotic intuition, the following theorem on extreme singular values is applied to (15) .
Theorem 1: Condition number of complex Gaussian matrices [23] : For an n × m (n ≤ m) complex Gaussian random matrix A with independent and identically distributed (i.i.d.) elements that are CN (0, 1), its condition number κ converges almost surely to 
From Theorem 1, we can readily get the following corollary:
Corollary 1: The gap between STLC's SNR and MEB's SNR vanishes as the number of transmit antennas M increases.
Proof: Applying Theorem 1 to our system configuration, we can easily show that the condition number of H goes to one as M goes to infinity, because lim M →∞ 2/M = 0. This implies that d 2 → d 1 and y = 0 in (16) . As a consequence, in (15) approaches zero.
D. RECEIVED SNR AND BER EVALUATION
The received SNRs of STLC, MRTC, and MEB derived in (6), (11) , and (14) , respectively, are numerically compared in Fig. 2 . The analytical SNRs are compared [24] with analytic SNRs in (6), (11) , and (14) , where
du. When M = 4 and σ 2 x /σ 2 z is low, there is a non-negligible discrepancy between the analytical and Monte Carlo simulation results due to BER approximation. In general, the analytically derived BER matches well with the BER obtained from Monte Carlo simulation regardless of M and σ 2 x /σ 2 z . Further, we can observe that the BER gap between STLC and MEB decreases as M increases. From the results, SNR analyses are verified and Corollary 1 is further validated.
E. COMPUTATIONAL COMPLEXITY AND REQUIRED INFORMATION
The required computational complexity for the STLC, MRTC, and MEB schemes and the required CSI at the Tx and Rx are compared.
1) STLC
For STLC encoding, 4M multiplications and 2M additions of complex values are required. For STLC decoding, two additions of complex values are required. Thus, the total complexity order is O(M ), which is the first order of polynomial complexity. While full CSI is required at an STLC Tx, only the effective channel gain γ M , which can be readily measured from the received signal strength, is required at an STLC Rx unless PSK modulation is used.
2) MRTC
From (8) and (10), it is obvious that the complexity order of MRTC is O(M ), which is the same as the STLC. For the MRT in (8), full CSI is required at an MRTC Tx. For the MRC in (10), the full CSI is also required at the MRCT Rx.
3) MEB
Either MEB Tx or Rx needs to perform SVD of an M -by-2 complex matrix for pre-or post-processing (beamforming). The SVD complexity is a bottleneck of the computational complexity in the MEB system and its order is O(M 3 ) [25] . Indeed full CSI is required at both MEB Tx and Rx.
IV. SPATIALLY CORRELATED CHANNELS
In this section, we consider the effect of the spatial correlation of channels. The massive MIMO channels could be highly spatially correlated, especially at the transmitter owing to the large number of antennas within the limited space [26] - [28] .
An M -by-2 spatially correlated MIMO channel matrix is modeled as
where H ∈ C M ×2 consists of i.i.d complex Gaussian random variables with a mean of zero and a variance of one; the Rx and Tx correlation matrices are modeled as [29] ; and ρ rx and ρ tx are the correlation factors at Rx and Tx, respectively, which are between zero (uncorrelated) and one (perfectly correlated). Using this correlated channel model, we investigated the received SNRs of STLC, MRTC, and MEB.
A. RECEIVED SNR OF STLC
Applying the spatial correlation model to (2a)-(4a), the diversity gain factor in the received SNR in (6) is modified as follows:
where r rx,1 and r rx,2 are the first and second row vectors of R rx , respectively. From the definitions that r rx,1 = [1 ρ rx ] and (18) can be further derived as follows:
Substituting γ M in (6) with γ M in (19) , the SNR of STLC under spatially correlated channel conditions is expressed as a function of ρ tx and ρ rx as follows:
From (20), we see that the SNR of STLC is a decreasing function of ρ tx because as ρ tx increases, the Toeplitz matrix R tx becomes more dispersive (i.e., the magnitude of offdiagonal terms increases) and does not capture the strong channel gains located on the diagonal of a diagonal dominant matrix H H H. On the other hand, because tr(
, ρ rx does not considerably affect the SNR of STLC.
B. RECEIVED SNR OF MRTC
Applying the spatial correlation model to (11) , the effective SNR of MRTC is derived as
where h c,max = max n∈{1,2} h c,n ; the correlated channel vectors are written as
and the correlation factors ρ 1 and ρ 2 are obtained from the receive antenna correlation factor ρ rx , such that ρ 2 1 + ρ 2 2 = 1 and 2ρ 1 ρ 2 = ρ rx . Substituting (22a) in (21), we can express (21) as a function of ρ tx and ρ rx as follows (the proof is tedious and omitted):
where
and
tx . If we scrutinize (23) , interestingly, the SNR of MRTC is proportional to ρ rx . This is because α decreases with the dominant order o(ρ rx ), while β increases with the dominant order o(ρ 2 rx ), which increases faster than the decreasing speed of α; therefore,
On the other hand, the SNR of MRTC is inversely proportional to ρ tx because both h and H F decrease as ρ tx increases, and as a consequence, both α and β decrease. Here, it is apparent that β decreases much faster than α.
C. RECEIVED SNR OF MEB
As spatial correlation factors ρ tx and ρ rx increase, the condition number of the correlated channel matrix H c in (17) increases [30] and enhances the principal eigenmode of the channel at the cost of the remaining eigenmodes, i.e., d 1 increases, while d 2 decreases [31] . Therefore, the SNR of MEB in (14) increases as ρ tx and/or ρ rx increase.
D. ANALYSES VERIFICATION AND DISCUSSION
In Fig. 4 (a), SNRs are evaluated over the transmit antenna correlation, i.e., ρ tx , when M = 100, σ 2 x /σ 2 z = 8 dB, and the receive antenna correlation factor ρ rx is fixed by 0.1. The SNRs of STLC and MRTC obtained from analyses in (20) and (23) are compared with those obtained from the Monte Carlo simulation. From the results, the SNR analyses under spatially correlated channel conditions are verified. The SNRs of MEB and MRTC increase as ρ tx increases. On the other hand, as analyzed in (20) , the SNR of STLC decreases as ρ tx ; however, the variation is very subtle. In Fig. 4(b) , for further verification, the BERs are evaluated. Obviously, the inversely proportional relationship between the SNR and the BER is observed. The numerical results reveal that M -by-2 massive MIMO systems using MEB, MRTC, or the proposed STLC are insensitive to the spatial correlation between transmit antennas.
Similarly, the receive antenna correlation effect is investigated by evaluating SNRs and BERs in Fig. 5 . In Fig. 5(a) , SNRs are evaluated over the receive antenna correlation, i.e., ρ rx , when M = 100, σ 2 x /σ 2 z = 8 dB, and the transmit antenna correlation factor ρ tx is fixed by 0.4. Comparing the SNRs of STLC and MRTC obtained from analyses in (20) and (23) with those obtained from the Monte Carlo simulation, we verify the SNR analyses. The SNRs of MEB and MRTC significantly increase as ρ rx increases, while the SNR of STLC is again almost stable regardless of ρ rx , as stated in Section IV.B. In Fig. 5(b) , an inversely proportional relationship between the SNR and BER is clearly observed. The numerical results reveal that the M -by-2 massive MIMO systems using MEB and MRTC are sensitive to receive antenna correlation; however, those using the proposed STLC are insensitive. Because the spatial correlation between two receive antennas is insignificant, focusing on the low ρ rx regime, the performance of the proposed STLC is comparable to those of MEB and MRTC. 
V. CHANNEL UNCERTAINTY
The CSI at a transmitter could be outdated because, in practice, the CSI is obtained from channel estimation in the previous receiving mode, i.e., the time varying channel in TDD system. Further, considering the estimation error, the mismatch of channel calibration in the TDD systems, and a feedback error in frequency-division duplex systems, the CSI uncertainty is inevitable. We denote an estimated (outdated) CSI at the transmitter byh h + , where h is the actual (current) channel element and is the estimation error. Assuming that the estimation errors of all channel elements are independent of one another and they conform to normal distribution with mean zero and variance σ 2 , we represent a mean-squared error (MSE) of the estimation by σ 2 , i.e., E |h −h| 2 = σ 2 [1] . We derive, w.l.o.g., the SNR of STLC under channel uncertainty from the estimate of x 1 (a similar procedure can be applied x 2 to obtain the same result.). Applying the channel uncertainty to (2a) and (4a), the estimate (5a) is rewritten as follows:
is the sum of all channel gains, which is estimated at Tx and Rx.
Then, from (25), we obtain the estimate of x 1 as follows:
Again, note that instead of full CSI, onlyγ M is required at the STLC receiver (denoted by Scenario 1), and even it is not required if PSK constellation is used. From (26), the SNR of STLC under uncertain channel presence is then derived as a function of channel uncertainty σ 2 as (27) and its lower bound is derived using Jensen's inequality as follows (the detailed derivation is omitted here):
Note that, for σ 2 = 0, the SNR bound in (28) is identical to (6) .
If the effective channel gain γ M / γ M in (25) is perfectly estimated at the receiver by using additional pilot symbols (denoted by Scenario 2), the estimate (26) is given bỹ
and from it the received SNR is derived as follows:
which is a general expression of the received SNRs in [1] , where the SNRs are shown for M = 1 and M = 2. In Figs. 6 and 7, the BER performance for a 256-QAM transmission is evaluated in Scenarios 1 and 2, respectively, over the channel uncertainty σ 2 when σ 2 x /σ 2 z = 8 dB. From the simulation results, the received SNR lower bounds of STLC in (28) and (30), i.e., the upper bound of BER, are verified. As observed, the bound becomes tight as M increases. Moreover, we also observe that the proposed STLC is more robust against CSI uncertainty than MEB and MRTC, especially when M is large. Though the MEB achieves optimal performance when CSI is perfect, it is very vulnerable for CSI uncertainty and provides a severely poor performance with the uncertain CSI.
As the first part of this study, we investigated M -by-2 massive MIMO systems that transmit a single stream, as summarized in Table 4 .
VI. MULTIUSER APPLICATION
The STLC scheme is applied to support U multiple users (receivers), as depicted in Fig. 8 , where one STLC transmitter with M transmit antennas supports U users, each of which has two receive antennas. We denote the user index by u and its set by U, i.e., u ∈ U = {1, . . . , U }. The notations used for the channel gains are shown in Table 5 . Channel h n,u,m represents independent channel gain from transmit antenna m to receive antenna n of user u. To support multiple STLC users, a transmit antenna set is allocated to each user, which is possible because the STLC encoding is performed individually across transmit antennas, as shown in Section II. Here, the antenna set allocated to user u is denoted by M u . Then, the maximum diversity gain that can be achieved by user u is denoted by γ u and written as follows:
where h u,m is the 2-by-1 channel vector between transmit antenna m and user u. In this section, we introduce the STLC encoding and decoding methods for a given antenna allocation. Then, the antenna allocation strategy is considered in the sequel. (32) and the STLC symbols are written as follows (as shown in Table 6 ):
At transmission time t 1 , an STLC symbol s m,t 1 is transmitted to user u through the mth transmit antenna for all m ∈ M u , simultaneously. At the same time, other transmit antennas that are not allocated to user u generate interference VOLUME 6, 2018 for user u while they support other users. Denote the interference antenna set of user u by Mū, i.e., Mū = M \ M u . In subsequent transmission time t 2 , an STLC symbol s m,t 2 is transmitted to user u through the mth transmit antenna for all m ∈ M u , simultaneously. Again, other transmit antennas in set Mū interfere with the signal for user u. To fairly allocate the power among users [32] , the transmit power of each user is limited by σ 2 x , which implies that identical timeaveraged power is allocated to each user regardless of how many antennas are allocated to user. To this end, the transmitter weights (normalizes) s m,t with η m . Normalization factor η m can be readily derived as
x for all t. Denote the received signal of user u at receive antenna n at time t by r n,t,u , as shown in Table 7 . Then, the receive symbols with two receive antennas can be expressed as follows:
where the second summands in the right-hand side of (34a)-(34d) are interference terms and z n,t,u is AWGN with zero mean and σ 2 z variance in the received signal r n,t,u .
B. COMBINING SCHEME
Each user combines its own signals received over two symbol times, ignoring the interference signals. The STLC receiver of user u directly combines {r 1,1,u , r 1,2,u , r 2,1,u , r 2,2,u } in (34a) as follows:
The first summands (35a) and (35d) are the weighted estimate of intended signals x 1,u and x 2,u , respectively; the second and third summands (35b) and (35e) are interference signals; and the remaining summands (35c) and (35f) are AWGN. Substituting (33a) into (35a), the intended signal x 1,u is derived as follows:
Similarly, substituting (33a) into (35d), the intended signal x 2,u is obtained as
As seen in (36) and (37), user u, whose signals are transmitted through |M u | antennas, achieves a diversity order of 2|M u |. The STLC receiver does not need the full CSI to combine the received signals, which we call blind combining [1] , yet it needs an effective channel gain √ γ u for maximum likelihood detection in the subsequent processing. Each user can be informed of the effective channel gain by the Tx during a signaling or training period. Note that for phase-shift-keying (PSK) symbol detection, even √ γ u is not required.
C. SINR ANALYSIS
For the proposed multiuser STLC system, the received SINR is analyzed under perfect and uncertain CSI conditions.
1) SINR UNDER PERFECT CSI
To model the received SINR of users, we first rewrite the interference in (35b) as
and further derive it as follows:
where v 1,ū,m is the interference signal with respect to x 1,u from transmit antenna m that is allocated to userū and represented by a vector and matrix as
and v 1,u is the total interference with respect to x 1,u . Similarly, the interference in (35e) is derived as follows:
where v 2,ū,m is the interference signal with respect to x 2,u from transmit antenna m that is allocated to userū and represented in vector and matrix form as
and v 2,u is the total interference with respect to x 2,u .
Substituting (36)- (41) into (35a), the combined signals at user u are rewritten as follows:
z ) in (42) because the sum of two independent AWGNs is also an AWGN, and using that AWGN is independent of the interference signals, we can derive the received SINR of user u as follows:
where σ 2 v,u = E |v 1,u | 2 = E |v 2,u | 2 is the average interference power with respect to user u. From (44), we again verify that STLC achieves a diversity order of 2M , i.e., full diversity gain. The SINR of user u clearly depends on effective channel gain γ u and average interference power σ 2 v,u , and they depend on antenna allocation. Concretely, the average interference power is derived as follows (we derive it for E |v 1,u | 2 ; the derivation for E |v 2,u | 2 is the same and omitted here):
where (a) follows the fact that the interference signals caused by different transmit antennas are independent each other; (b) can be readily shown using (39); and (c) follows the definition of γ u in (31).
Using (45) to (44), we obtain the SINR of user u as a function of the allocated channel vectors, i.e., allocated antenna set M u for all u ∈ U, as follows:
Now, in order to derive the lower bound of SINR, we define the strongest interference channel from userū to user u as
VOLUME 6, 2018 FIGURE 9. Normalized SINR evaluation for four arbitrary antenna allocation cases, namely {M u } 1 , {M u } 2 , {M u } 3 , and {M u } 4 , when U = 8, |M u | = 100, ∀u ∈ U , and σ 2 x /σ 2 z = 20 dB.
Using κ u,ū , the lower bound of SINR in (46) can be readily derived as follows:
where u is the sum of channel gains from all transmit antennas to user u, i.e.,
Noting that u is independent of M u , we see that the SINR lower bound (48) of user u is now decoupled from other users' SINRs, and thus, the SINR lower bound can be separately maximized by designing M u such that it maximize γ u . This motivates us to consider a simple antenna allocation algorithm that intends to maximize γ u in Section VI-D. Here, the lower bound is not necessarily tight because the antenna allocation problem is a combinatorial problem in which all the combinations have a similar tightness. Actually, the lower bound is not tight in the considered application with large However, the lower bound can be used as a relevant metric in antenna allocation design, even for an STLC system with large |M u |, as verified in Fig. 9 . Here, we show the normalized SINRs for four arbitrary antenna allocations when U = 8 and |M u | = 100, ∀u ∈ U. The normalization is performed by the maximum SINRs. Although we observe that before normalization, the lower bound in (48) is not tight, as shown in Fig. 9 , its behavior across users is almost identical to that of (46). Therefore, the SINR lower bound in (48) can be used to design antenna allocation.
2) SINR UNDER UNCERTAIN CSI
We derive the SNR of STLC under channel uncertainty from the estimate of x 1,u (a similar procedure can be applied x 2,u to obtain the same result). Applying the channel uncertainty model in Section V to (33a), namely,
for all m ∈ M u and u ∈ U, the estimate of x 1,u can be derived from (35a) as follows:
where γ u = m∈M u |h 1,u,m | 2 + |h 2,u,m | 2 is the estimated effective channel gain of user u andṽ 1,ū,m is the interference term that includes the channel uncertainty, derived similarly to (39) as
Note again that onlyγ u is required for user u, not the full CSI, and that even the partial CSIγ u is not required for user u if PSK constellation is used. Comparing x 1,u and the estimatex 1,u in (51), the SINR of user u under uncertain channel presence is further derived to a function of channel uncertainty σ 2 as (53a) at the bottom of next page (the detailed derivation is omitted here), where S |M u |, ∀u ∈ U. Clearly, when CSI is perfect, i.e., σ 2 = 0, the SINR in (53a) reduces to (44). Following a similar procedure to derive the lower bound of SINR when the CSI is perfect, the lower bound of SINR in (53a) is further derived as (53b), as shown at the bottom of the next page. Indeed, when the CSI is perfect, i.e., σ 2 = 0, the SINR lower bound in (53b) reduces to (48). Because (53b) is obviously a proportional function of γ u , the SINR lower bound of user u can be maximized by designing M u such that it maximizes γ u , as is the case when the CSI is perfect. 
3) VERIFICATION OF ANALYSES
For the verification of the analyses in (46) and (53a), as shown at the bottom of this page, in Fig. 10 , the average SINRs over users are evaluated by Monte Carlo simulation and compared with the analytical results. We assume that S antennas are allocated to each UE and M = US. Here, the ((u−1)S +1)th to the (uS)th antennas are allocated to user u and σ 2 x /σ 2 z = 15 dB. For the uncertain channel condition, the MSE of channel estimation is set to 0.1, i.e., σ 2 = 0.1. In Fig. 10(a) , the SINRs are evaluated across the number of users U when S = 10 and S = 100. These comparisons can be used to validate the analysis. As we observe in the results, the proposed STLC is robust against channel uncertainty. Furthermore, the CSI uncertainty effect, i.e., SINR degradation from the SINR when σ 2 = 0, decreases as the number of users U increases and the SINR decreases as U increases for a given S because of the increased interference signals. From this observation, we can conjecture that the multiuser interference affects the received SINR more severely than the channel uncertainty in an STLC system.
In Fig. 10(b) , the SINRs are evaluated across S, the number of antennas allocated to each user, when U = 6 and U = 10. The comparisons show that the SINR increases as S increases for fixed U as the diversity gain increases.
This observation matches expectations and the analysis is validated. Note that the channel uncertainty effect increases as S increases. The potential of diversity gain increases and the loss of the achieved diversity gain from the channel uncertainty also increases.
D. PROPOSED ANTENNA ALLOCATION ALGORITHMS
Obviously, the SINR of user u in (46) or (53a) is maximized when all transmit antennas are allocated to it, i.e., M u = M and Mū = ∅, ∀ū ∈ U, whereū = u. However, other users cannot transmit at all because SINRū = 0, ∀ū, which is unfair, and the average QoE becomes very poor. Using each user's SINR derived in (53a), an antenna allocation problem in order to maximize an objective function f (·) of the SINR is formulated as follows:
where the objective function f ({q u }) is a mean function, e.g.,
(55)
Here, τ u is an SINR threshold that is required for the quality experience of user u and [x] + is a QoE indicator function that yields a one if x ≥ 0, and otherwise yields a zero. The QoE is a real value between zero and one, where a zero QoE means that no one achieves the QoE, while a QoE of one represents that all users achieves their own QoE. Here, it is worth noting that τ u differs over users because each user has its own sensitivity and desired levels. Threshold τ u is set to be a large value for a user who is sensitive to noisy service and, to avoid the noisy service, may subscribe an expensive service plan from a service provider. In contrast, τ u is set to be a small value for a user who is insensitive to poor service and subscribes to an inexpensive service plan. The average QoE in (55) will be used as the performance metric in this study.
The optimization problem in (54) is clearly a nonlinear and nonconvex problem, which is formidable to solve with a closed form solution. Although (54) is a combinatorial problem, which can be optimally solved by a numerically exhaustive search, the search complexity is typically prohibitive. For example, even for the case when |M u | = S, ∀u ∈ U and M = SU , the number of candidates is
U , which increases exponentially as M increases for a given S and/or U . To reduce the computation complexity in the optimal antenna allocation search, a number of simple greedy-based algorithms are proposed based on the SINR lower bound in (53b). Maximizing the SINR lower bound of each user, i.e., max q u , generally increases any objective function in (55). Note that the proposed algorithms focus on how many users satisfy the predetermined QoE-assured SINR target τ u not how big the SINR achieved for each user. The average QoE improvement from the proposed algorithms is verified in the next subsection.
1) USER-DOMAIN GREEDY
Antenna allocation is performed for a specific user to achieve the specific target SINR, and then is performed for another user. In each allocation, one specific user's SINR is maximized by allocating the best transmit antenna in a greedy manner. The user selection can be implemented based on either channel quality, i.e., h u,m , or QoE parameter {τ u }. The former approach is called a channel-quality-based (CQB) approach, which is a typical resource management method in order to maximize QoE. For the latter approach, a high-QoEfirst (HQF) approach that allocates antennas to a user with a higher τ u and a low-QoE-first (LQF) approach that allocates antennas to a user with a lower τ u are considered. The HQF approach is reasonable because a large τ u implies a higher priority and the requirements that are relatively stringent may be fulfilled by prior antenna allocation. In contrast, the LQF is also reasonable because the users with low τ u have a QoE that can be relatively easily satisfied, and thus, prior antenna allocation may increase the number of users who have their QoE satisfied. The numerical results (omitted in the paper) show that the HQF and LQF approaches achieve similar average QoE and slightly outperform the CQB approach.
2) ANTENNA-DOMAIN GREEDY
As pointed out at the end of Section VI-C.1, the SINR lower bound can be used to design the antenna allocation sets {M u }. Because the SINR lower bound is proportional to γ u , we select the largest h u,m for user u such that γ u in (31) is maximized. Based on this strategy, greedy-based antenna allocation algorithms are proposed. For fairness among the users with respect to spatial resources, i.e., the number of allocated antennas, and for a tractable problem, we assume that the same number of transmit antennas is allocated to each user, i.e., |M u | = S M /U , ∀u ∈ U. For a simple derivation, we set M = SU and S is an integer.
3) PROPOSED GREEDY-BASED ANTENNA ALLOCATION ALGORITHMS
Considering the user-domain and antenna-domain greedy strategies, the following two algorithms are proposed:
• AG: Determine one user and allocate S antennas in a greedy manner, and repeat the procedure until S antennas are allocated to each of the U users.
• UG: Determine one antenna and allocate it to a user in greedy manner, discard the user and repeat this procedure with the remaining users until there are no users remaining. Repeat this procedure until S antennas are allocated to each of the U users. The proposed antenna allocation algorithms, namely AG and UG, are summarized in Algorithms 1 and 2, respectively.
E. SIMULATION RESULTS
For the comparison, the following three benchmarking systems were considered.
• MRTC: Using CSI at the transmitter and receiver, the MRT is performed for a larger-norm channel vector [21] , [22] and MRC is applied for two received signals in order to achieve the maximum SNR [7] . As shown in Sections III and IV the MRTC outperforms STLC for a single user communication scenario if the CSI is perfect.
• GZF: Using CSI at a transmitter, space division multiple access (SDMA) precoding, i.e., the conventional zeroforcing (ZF) block-diagonalization, can be considered to support multiple users. From the SDMA precoding, multiuser channels are decomposed into multiple single user MIMO channels and multiuser interference can be eliminated. Then, the SVD approach is applied to each single-user MIMO channel, which is an optimal scheme for a single user MIMO with CSI at the transmitter and receiver in terms of the received SNR [16] and capacity [33] . This scheme scheme is termed generalized ZF (GZF) and it is relatively tractable in computational Throughout the simulation, CQB is used for user selection with AG and UG. As the performance metric for the comparison, the average QoE in (55) is used. 
1) HOMOGENEOUS USER PROFILE
In Fig. 11(a) , a homogeneous user profile is considered for four users. In the homogeneous user profile scenario, the target SINRs of all users are set to be equal, i.e., τ u = τ for all u ∈ U. For channel uncertainty in the evaluation, two MSE values are considered, namely σ 2 = 0.1 for very uncertain CSI and σ 2 = 10 −5 for accurate CSI. The MRTC and GZF schemes show different QoE-τ trends from those of STLC-based methods. Specifically, GZF achieves the best QoE performance when the CSI is accurate. Even though the GZF scheme achieves the best QoE when CSI is perfect, its computational complexity O(M 3 ) is much greater than O(M ), which is the complexity order of the STLC-based methods. However, the GZF performance deteriorates severely when the CSI is uncertain because of the failure to eliminate multiuser interference signals. A similar VOLUME 6, 2018 observation regarding the severe performance degradation caused by uncertain CSI in nonlinear processing is shown in Section V. All schemes except for the GZF scheme ignore multiuser interference signals in the pre/post-processing design. Thus, the performance depends on how much the intended channel gain is improved. Observing the largest τ with perfect QoE (= 1), when CSI is uncertain, the proposed STLC-based methods outperform MRTC and GZF. In particular, the STLC-UG scheme achieves the best QoE. In Fig. 11(b) , 10 users, i.e., U = 10, are considered. As U increases, generally, the QoE decreases because of the increase of multiuser interference (except for the GZF scheme, which manages this interference), and similar results are observed as when U = 4 in Fig. 11(a) . The performance degradation from the CSI uncertainty is relatively small (except for the GZF scheme) because the multiuser interference is dominant. In a moderate target SINR region (lower than 14 dB), the proposed STCL-UG achieves the best QoE.
2) MIXTURE QoE SCENARIO
In Fig. 12 , a mixture of different target SINRs for different users, i.e., a heterogenous user profile scenario, is considered as follows: {τ 1 = 5 dB, τ 2 = 7 dB, τ 3 = 10 dB, τ 4 = 15 dB} for the simulation shown in Fig. 12(a) and {τ u = (u + 1) dB} for the simulation shown in Fig. 12(b) . For a fixed τ u , the average QoE is evaluated across the number of allocated antennas per user, i.e., S. In the mixture QoE scenario, the proposed STLC-UG achieves a QoE of one, like the GZF scheme when S is greater than about 50. Similarly, we can conjecture that an STLC-AG also achieves a QoE of one if S keeps increasing. This is because the effective channel gain from antenna allocation increases as S increases. Furthermore, when the CSI is uncertain and S is large, the STLC-UG outperforms even the GZF scheme. Here, it is worth emphasizing again that the computational complexity order of the STLC-based schemes is linear in S, i.e., O(M ) = O(S) for a given number of users. Therefore, the proposed STLC-based schemes can be a relevant potential candidate for a massive MIMO system supporting multiple users.
VII. CONCLUSION
In this study, we verified the benefits of the proposed fullspatial-diversity-achieving STLC over MRTC and/or MEB schemes as follows: i) low computational complexity at the transceiver, ii) no or partial CSI required at the receiver, and iii) robustness against CSI uncertainty. With those benefits, the proposed STLC scheme achieves comparable performance to MRTC and MEB schemes. The STLC scheme was then applied to a system supporting multiple users. Considering multiuser interferences and channel uncertainty, the SINR of each user and its lower bound were analyzed and the analyses were numerically verified. To improve SINR and QoE, we proposed algorithms that allocate transmit antennas to each user based on the SINR lower bound. Through rigorous simulation, it was validated that the multiuser STLC with the proposed antenna allocation is robust against channel uncertainty and can achieve the best QoE if the number of transmit antennas is sufficiently large. The results in this study showed that the STLC can be a potential candidate for an M -by-2 (multiuser) massive MIMO systems. The practical implementation of the basic idea of STLC in this study, using digital signal processors (DSPs) and/or field programmable gate arrays (FPGAs), is one of the interesting topics for further study.
